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Purcell-enhanced electroluminescence of a unipolar light-emitting quantum device at A = 10 um
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Efficient generation of radiation in the mid- and far-infrared relies primarily on lasers and coherent nonlinear
optical phenomena driven by lasers. This wavelength range lacks practical and efficient luminescent devices,
particularly, because the spontaneous emission rate becomes much longer than the nonradiative energy relaxation
processes and therefore emitters have to count on stimulated emission produced by linear or nonlinear optical
gain. However, spontaneous emission is not a fundamental property of the emitter. By engineering metamaterials
composed of arrays of nanoemitters into microcavities coupled to patch antennas, we have demonstrated
midinfrared electroluminescent devices emitting a collimated beam with excellent spatial properties and a factor
of 100 increase in the collected power, compared to standard devices. Our results illustrate that by reshaping the
photonic environment around emitting dipoles, as in the Purcell effect, it is possible to enhance the spontaneous
emission and conceive efficient optoelectronic light-emitting devices that operate close to the thermodynamical

equilibrium as light-emitting diodes in the visible range.

DOI: 10.1103/fgy4-4r3c

I. INTRODUCTION

Light-emitting diodes (LEDs) in the visible range have
transformed illumination in all possible aspects: lighting in
urban areas, offices, and homes, flat-panel displays, and they
are ubiquitous in dashboards and electronic devices for sig-
naling [1,2]. In most cases, LEDs are semiconductors (either
inorganic or organic) in which electrons and holes are in-
jected into the conduction and valence bands, respectively,
and recombine through optical transitions across the band gap,
thereby emitting light. The photon emission rate for these
devices is determined by the spontaneous emission, Ty, in a
homogeneous three-dimensional (3D) space. By using Fermi
golden rule, it can be shown that this rate is proportional to the
cube of the emitted photon energy and the modulus squared of
the transition dipole matrix element, %p « (hw)*|d|>. While
the local density of photonic states contributes the cubic
frequency dependence, it has also to be considered that the
interband dipole matrix element decreases with the energy
gap, leading to an overall weaker scaling of the spontaneous
emission rate as a function of the photon energy [3]. In the
visible, 7y, is on the order of few tens of picoseconds and
therefore spontaneous emission is a very efficient channel for
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energy relaxation of electrons promoted in the conduction
band. In this frequency range, the LEDs have internal quantum
efficiency greater than 90% and reach wall plug efficiency on
the order of 60%—70% [1]. In the 3—4 um range, interband
cascade light-emitting devices have reached milliwatt output
powers at room temperature by suppressing Auger scattering
thanks to the band structure of type II heterostructures [4].
Yet, wall plug efficiencies are in this case on the order of a few
percent. The performances of interband cascade light-emitting
devices decrease while increasing the wavelength, and at
longer wavelength, above 8 um, milliwatt power emission is
achieved only at cryogenic temperature [5]. Therefore, in this
frequency range only lasers and thermal emitters are used.

In this work, we present a unipolar light-emitting device
operating in the infrared, composed of an array of patch-
antenna [6,7] nanoemitters that forms an active metamaterial
[8], as shown in Fig. 1. The semiconductor sandwiched
between the two metallic plates is an electrically injected
unipolar emitter at 10 um wavelength (Fig. 1) [9]. These
electroluminescent devices, based on optical intersubband
transitions in semiconductor quantum wells (QWs), are very
inefficient when operated in a mesa configuration [10], as the
rate of nonradiative processes [11] vastly overcomes that of
spontaneous emission. However, once embedded into a patch-
antenna metamaterial, these emitters produce a collimated
beam with very low divergence and increase the collected
power by 2 orders of magnitude.

In patch-antenna arrays [12], the electromagnetic field is
compressed within the microcavity and experiences a sub-
wavelength confinement in the perpendicular direction. The
cavity mode is resonant with the photon energy, Er; = hiwgy,

Published by the American Physical Society
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FIG. 1. Scanning electron microscope image of the patch-antenna array. The unipolar emitter active region is embedded within double-
metal microcavities. The top and ground metal layers, highlighted for clarity, provide electrical connections to the device. The inset offers a
magnified view of the cavities, illustrating the distinction between the electrical area ¢ = s> and the optical collection area ¥ = p?, where
s is the size of the patch cavity and p the periodicity of the array. The electrical area is limited to the cavity dimensions, while the optical
area extends beyond, encompassing the intercavity spacing. The panel on the right presents the conduction band profile and relevant square
moduli of the electronic wavefunctions for one period of the quantum cascade emitter inserted into the microcavities. The electroluminescent
transition occurs between levels |3) and |2) at an energy /fiwgL ~ 130 meV (10 um wavelength). The transition has a strong Stark shift due to

its diagonal nature.

of the electroluminescence from the unipolar emitter and
therefore each element of the array acts as a light resonator.
Notably, all resonators are connected via a surface plasmon,
which gives rise to a supermode spanning the whole meta-
material. The collective interferential nature of the interaction
between all elements of the array enables light manipulation.
The shape, size, and arrangement of the meta-atoms determine
the wave front of the emitted electromagnetic waves. By con-
trolling the amplitude and phase of the signal at each antenna
element, the array can steer the direction of the emitted beam
or shape the radiation pattern. The design and operation of
these metamaterial devices are therefore based on the prin-
ciples of wave constructive/destructive interference and array
theory.

Furthermore, patch-antenna devices exhibit a very small
electrical area, defined by the sum of the areas of all micro-
cavities in the array. This results in a low injected current and
therefore reduced Joule heating. In contrast, the optical area
is determined by the intercavity distance (i.e., the array pe-
riod). Consequently, sparse arrays can provide a large optical
area without increasing the electrical area, while simulta-
neously improving heat dissipation through the surrounding
material and reducing thermal crosstalk between neighboring
elements.

The microcavity arrays have been already exploited for
realizing very efficient metamaterial detectors, quantum well
infrared photodetectors (QWIPs) [6] and quantum cascade
detectors (QCDs) [13], and modulators [14]. Moreover, their
hybrid nature, which combines antenna and microcavity ef-
fects, has been also used for fundamental studies, in particular,
to enhance light-matter coupling and explore the ultrastrong
coupling regime [15,16]. In the terahertz domain, patch-

antenna arrays have been used to realize phase shaping [17],
perfect absorbers [18], and single mode quantum cascade
lasers (QCLs) with low beam divergence [19].

II. SAMPLE DESCRIPTION

A scanning electron microscope image of the device is
reported in Fig. 1. It consists of an array of microcavities
with lateral size s and thickness H, placed in an array with
periodicity p. The cavity size s, whose value is close to 1.4 um,
is set by 2ns = A, where 7 is the modal refractive index. The
other parameters are set as H = 0.75um and p = 7 um, and
have been chosen to minimize the total losses following a
prior investigation on the geometrical parameters [12] (see
also Appendix). Each array has a total size of approximately
100-150 wm in size. The active region of a quantum cascade
emitter is embedded between the metal layers. It consists of an
InGaAs/AllnAs heterostructure designed to operate at ~9 pum,
whose band structure is also illustrated in Fig. 1. The top and
bottom metal layers act also as electrical contacts for current
injection.

The fabrication flow of the device begins with wafer bond-
ing and substrate removal to create the buried metal layer that
serves as the bottom contact of the patches. A Ti/Au bilayer
is deposited on the InGaAs/AllnAs heterostructure, which is
then bonded by thermocompression to a Ti/Au-coated host
substrate. The original InP substrate is subsequently removed
through selective etching in hydrochloric acid, leaving the
active region transferred onto the metal-bonded host substrate.
An insulating layer of silicon nitride (SizNy4), 300 nm thick, is
then deposited to electrically isolate the top contact. This layer
is patterned and etched to define dielectric pads, where the top
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FIG. 2. (a) Electroluminescence spectra measured on a device in a mesa geometry (i.e., without cavity) at different applied voltages at 78 K.
(b) Energy resonance Ef; extracted from the electroluminescence spectra without cavity (left panel) as a function of the applied voltage. These
energies are reported together with the position of the patch-cavity resonances represented by the horizontal lines, deduced from reflectivity
measurements of different lateral patch sides s, spanning from 1.3 to 1.5 um, shown in the right part of the figure.

electrode will later be placed. The patch antennas are defined
by electron-beam lithography, followed by metal deposition
(Ti/Au/Pt) and lift-off. This procedure simultaneously forms
the top metal contact (Ti/Au) and the platinum (Pt) metal mask
used during dry etching (inductively coupled plasma reactive
ion etching (ICP-RIE) with CH4/H,) to define the antenna
profiles.

The patch-antenna resonator array was first characterized
by performing reflectivity measurements by using a Fourier
transform infrared spectrometer with a Cassegrain microscope
objective (Bruker Hyperion II), which allows us to focus in-
frared light onto an individual device. The measured quality
factor of the fundamental cavity mode is Q.,y = 14.4.

Under an appropriate bias, electrons populate the ex-
cited state of the radiative transition and emit photons by
spontaneous emission. The emitted photons arise from the
intersubband dipole that oscillates perpendicular to the plane
of the QWs. In order to populate the cavity mode, a w-phase
shift is impressed on them from one edge to the opposite of the
cavity. The electromagnetic field of the mode couples strongly
with the dipole of the antenna, which releases photons in
the free space. Notably, the patch-antenna cavity allows the
microscopic intersubband dipoles, aligned in the z direction,
to do surface emission, rather than emitting in the plane.
Furthermore, the array improves emission directionality, as
the antennas interact constructively only along one direction
and destructively in all the others, providing very low beam
divergence.

The emission properties of our device arise therefore from
the complex interplay between the properties of the emitter
and those of the photonic structure. Figure 2(a) shows elec-
troluminescence spectra, for different injected currents from
a device processed into a mesa structure, thus without cavity
effect. In this device, the substrate is polished to form a 45°
facet, enabling efficient coupling of the electric field to free
space. The emitted light originates from the dipoles oscillat-
ing perpendicularly to the surface, which are excited by the
electrical current injected in the active region. The electrolu-

minescence is dominated by a main peak, whose energy Ep,
shifts with the injected current due to the inherent Stark shift
of this active region design, while a weaker higher-energy
transition is present at low bias and becomes progressively
negligible with increasing applied bias due to the redistribu-
tion of oscillator strength. The energies Egy are plotted, in Fig.
2(b), against the reflectivity spectra of cavities with different
sizes s (from 1.3 to 1.5 wm in steps of 50 nm). From Fig. 2(b),
it is clear that by modifying the injected current (applied bias)
it is possible to drive the peak of the electroluminescence,
EgL, in and out the resonance of the cavity mode.

II1. RESULTS ON PATCH-ANTENNA METAMATERIAL

The array configuration allows shaping the emission beam
in real space, reducing its angular divergence in the far field.
Indeed, the directivity of the emission is directly proportional
to the array size, given by the product of the number of emit-
ters in the array and their interelement spacing [20]. Our first
characterization was therefore the measure of the far-field pro-
file at different distances to estimate the beam divergence of
our devices. Figure 3 illustrates a sketch of the setup used for
far-field reconstruction [panel (a)] and a typical profile with
the relative beam divergences [panel (b)]. The measurement
is performed at 78 K by applying a bias of 4.2 V on the device
in pulsed mode (fpuse = 670 ns). The emitted light is directly
collected by a mercury cadmium telluride (MCT) detector
placed in front of the emitter with no converging optics in
between. The detector is mounted on a translational stage used
to precisely move in the xy plane, parallel to the metasurface,
to reconstruct a two-dimensional intensity map of the emis-
sion from which the beam divergence 64;, can be estimated. To
ensure consistency, the measurements are repeated at various
distances along the z axis from the emitting sample, always
remaining in the far-field zone. The far-field intensity distribu-
tion measured for a 20 x 20 array (140 x 140 um?) at 78 K is
reported in panel (b). Cross-sectional profiles along the x and y
directions through the beam center reveal a spatial broadening
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FIG. 3. (a) Experimental setup for characterizing far-field radiation from patch-antenna arrays. The MCT detector, placed in the far-field
zone of the device with no converging optics in between, directly collects the emitted signal. To map the emission profile in the xy plane
parallel to the metasurface, the MCT is mounted on a motorized translational stage and the measurement is repeated at different distances z
from the emitter to confirm the consistency of the obtained results. This enables to reconstruct the spatial far-field profile and quantify the
relative beam divergence, as shown in panel (b), where the spatial intensity distribution with corresponding x and y profiles of the far-field
emission of a 20 x 20 patch-antenna array (s = 1.4 um) is reported. The broadenings, respectively, of 0.59 and 0.68 mm, are used to compute
the angular divergence in the two directions, obtaining ¥4y, = 0.67° and ¥4y, = 0.77°. The measurement is performed at 78 K applying a
bias 4.2 V on the device in pulsed mode (#,us. = 670 ns), placing it at a distance of 50 mm from the MCT detector.

(taken as their FWHM) of A, =0.59 mm and A, =0.68
mm, respectively. Given the distance between the emitter and
the MCT detector, z = 50 mm, the spatial broadening can be
converted to angular divergence using the relation

Odiv,x(yy = 2 arctan <%%>

obtaining 6giy,x = 0.67° and 64y, = 0.77°. The remarkably
low beam divergence is a direct result of the array con-
figuration, which sets the angular divergence inferior to 1°.
Therefore, the device produces a naturally collimated beam
without the need for external collimation optics. This self-
collimation is a significant advantage over edge-emitting
devices, which typically require additional optical compo-
nents to produce a similar beam profile. Such a narrow beam
is unprecedented. The record value established for terahertz
QCLs based on patch-antenna metamaterial is 2° [8]. Such
a directional emission clearly confirms that the individual
dipoles associated with each microcavity are phase locked by
the supermode, spanning the whole metamaterial, induced by
the surface plasmon on the bottom metallic layer.

To complement the characterization of the devices em-
bedded in the metamaterial, we measured the electrolumines-
cence spectra, as well as the calibrated emitted power and the
quantum efficiency. In Fig. 4(a), we show two electrolumi-
nescence spectra at 4.5 V, one from a mesa device and the
second from a 10 x 10 patch-antenna array with lateral patch
size s = 1.4 um. We can observe that the patch cavity effec-
tively “filters” the emission, resulting in an evident spectral
narrowing of the device in cavity, whose linewidth, AEg;,
reduces by a factor of 2 compared to the mesa device. Note
that the quality factor of the electroluminescence spectrum
(QgL = 18) is larger than that of the bare cavity extracted from

reflectivity spectra (Qc,y = 14). This is an indication that the
patch cavity not only acts as a spectral filter, but also acts as a
resonator for the modal gain.

The emitted power, Py, was carefully measured using a
calibrated photodetector. Specifically, Fig. 4(b) reports the
emitted power as a function of the current injected in the two
devices. The optical power rises much faster in the patch-
cavity device and at 80 mA reaches 2.9 uW, whereas in the
mesa it is 0.03 uW, thus an enhancement of about 2 orders of
magnitude. The slope of the curves is related to the emission
quantum efficiency ngg, which is the ratio between measured
emitted photons and injected electrons:

Mg = Npholons _ POpt/hwEL
Q* Nelectrons I/q ’

In our device, we have measured a value of 2.25 x 1074,
which is higher than typical values obtained in intersubband
(ISB) [10,21] light sources relying on spontaneous emission,
while efficiencies up to 1% have been measured in interband
[22—-24] devices.

Such an enhancement in the emission featured in patch-
antenna devices can be ascribed to the combination of a
greater collection efficiency and the Purcell effect. Indeed,
in the patch-antenna device light is surface emitted in a col-
limated beam. Moreover, the ensemble of the dipoles can
couple to the only mode of the cavity that imposes a sizable
modification of the spontaneous emission rate, called the Pur-
cell effect [25,26]. This phenomenon can strongly increase the
rate when the matter and cavity oscillators are resonant or, on
the contrary, depressed, if not extinguished, when the optical
mode is far from the resonance of the dipoles. To quantify the
enhancement of the emission rate in a cavity with volume V,y,
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FIG. 4. Emission properties of a 10 x 10 patch-antenna array with lateral patch size s = 1.4 um compared with a noncavity device at
78 K; specifically, the spectral features [panel (a)] and the emitted power as a function of the injected current [panel (b)] are shown. The
electroluminescence spectra in panel (a) are measured on both cavity (blue line) and noncavity (gray-filled, red line) devices at the same
operating voltage of 4.5 V, corresponding to the point where the ISB transition is aligned with the cavity resonance. Panel (b) compares the
intensity of the emission, reporting the measured power as a function of injected current. The slopes of the curves correspond to the emission
quantum efficiency nqg, which exhibits an enhancement of 2 orders of magnitude in the patch-cavity case.

we use the Purcell factor, Fp, which is defined as the ratio be-
tween spontaneous emission rate in the cavity (I'c,y = 1/ tf;V

with respect to that in a homogeneous medium (I'g = 1/7yp).
This factor can be expressed as a function of the spectral
detuning between the emitted photon energy and that of the

cavity mode, fiwgy, — Ecay [27]:

Teav
Fp = 2 = Fp(Q, Vea)L(iwp1. = Eca AE),
0
with
3Q(hcay/n)?
Fp(Q, Veay) = W and
cav

AE?
4(hwpy, — Ecay)* + AE?

L(FleL - EcaVa AE) =

Fp is the Purcell coefficient, the highest rate of spontaneous
emission that can be delivered, while L is the Lorentzian that
reduces it due to the detuning between cavity mode and peak
emission.

Here, Q is the quality factor computed as the harmonic
sum of the quality factors of the electroluminescence, Qg =
fiwgr /AEg. =9, and the cavity, Qcay = 14.4, Aeay = Eh—
is the resonant wavelength of the microcavity, and AE =
AFEgL, + AE.,, is the linewidth of the Lorentzian [28]. Using
all these values, we calculated Fp = 7. Notably, due to the
Stark effect of our emitter, the detuning, Awg, — Ecay, varies
and therefore Fp becomes a function of the applied bias, thus
of the injected current, Fp(J). Note that in our system all
dipoles oscillate in the same direction of the electric field in
the cavity and therefore no angle correction is needed in the
expression of Fp.

We model the emission in the cavity by using adapted
quantum cascade laser rate equations [29] that include the
Purcell factor on all the radiative transitions, associated with

both spontaneous and stimulated emission:

dny; J 1 n3 n3 An
Lo B R(24+ 2,
dt gL, 13 Tsp Tyt
dny ny  n n <n3 An>,

= _ = Fpl —+ —
dt 732 T Tsp Tst

ds ns3 An
= STt o =+ — ). )
dt T

Here, n; is electronic volume density of the ith subband;
J is the injected current density; ¢ is the elementary charge;
L, is the length of a period of the cascade; 7; is the non-
radiative lifetime of an electron on the subband i; 7 is the
stimulated emission time; An = n3 —np is the population
inversion; 1/t3; is the nonradiative rate associated with the
transition from subband 3 to subband 2; § is the photonic
volume density; and I'y, denotes the total losses, or equiv-
alently the inverse of the lifetime of the photon in cavity,
given by the sum of the radiative, yg, and nonradiative, yng,
contributions, respectively, associated with photon escape and
photon absorption.

These rate equations have been established considering
that the spontaneous emission coupling factor is equal to 1,
as in patch antennas emitted photons couple with a single
optical mode. Indeed, this is a good approximation, as in our
device the total losses are mainly radiative, meaning that only
a small fraction of the generated photons is lost in the metal by
Joule losses. In other words, all the emitted photons, whether
they are issued from spontaneous or stimulated emission, are
generated in the same optical mode.

From the third equation, solved at steady state, we can
write the photon density as a function of the spontaneous
emission rate and the gain:

n3 1

S=R2___
Tsp Lot — Anoy Fp
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FIG. 5. Normalized photon flux as a function of the current den-
sity J for samples with different lateral patch size s. The graphs
compare the experimentally measured curves (in blue), with the
theoretical formula derived by solving QCL rate equations in sub-
threshold regime (red dashed line) [Eq. (2)]. The black arrows
indicate the position of the photon flux peak that shifts with the patch

size s. The threshold current Jy, is a fitting parameter and is estimated
to be 25 kA /cm? for all sample sizes.

Here, oy is the modal gain rate (oyS = 1/1y). The steady-
state solutions of the rate equations above threshold are
discussed in the Appendix. In the subthreshold operation
regime, the stimulated and the spontaneous emission times
are much longer than the nonradiative one. Consequently, the
upper state population n3 and the population inversion can
be calculated in the cold cavity approximation. The emitted
photon density is then written analytically as a function of the
current density as

Fp J 3
= J
Tsp qL[) Fiot — O‘VFPETeff
3 1 J
= FP - T L )
Top TeffOy ‘w2 _ B
oy Teff

with Ter = 3(1— = £, In order to highlight the influence of the
Purcell factor on the threshold condition, we can introduce the
threshold current density of a quantum cascade laser without
microcavity (Fp = 1) and neglect the effect of spontaneous

emission on n3:
Lot gLy

Oy Teff

th =

The emitted photon density then becomes

1 J
§=2—— @
Tsp TeffOV Jth -J

where the microcavity laser threshold is J{h = Jmn/Fp(J). The
formula illustrates the strong dependence of the photonic
density, S, on the Purcell factor that varies the value of the
effective threshold current density, Jt’h, as a function of the
detuning between the cavity and the emitter.
This model can also be used to estimate the emitted power,
Popt = ShwphotYrVeav, and thus to fit the light output versus
current density curves obtained experimentally. Figure 5 il-
lustrates the experimental curves (blue line) for patch arrays
with different cavity sizes, s. The data are very well repro-
duced by our model using Eq. (2) (red line), where the only
fitting parameter left is Jy,. The results for all different device
sizes are very consistent and give threshold for laser action
at J;, ~ 25kA/cm?. This very high threshold current density
is in agreement with the optical losses of the cavity that are
10 times higher than that of a ridge laser and set the photon
lifetime Ty = to 1 ps. Note that about 80% of these
losses are due to the radiative rate that is imposed by the patch
antenna that couples the light out of the cavity very efficiently.

IV. CONCLUSIONS

We have demonstrated a unipolar quantum optoelectronic
device based on an array of microcavities, where light emis-
sion forms a collimated beam with an intensity enhancement
due to the Purcell effect. Indeed, the characterization of the
far-field radiation pattern shows surface emission with a very
low divergence output that optimizes the collection efficiency
of the emitted radiation. These properties reduce the need
of optical elements and therefore are a great advantage to
design and realize optical systems. Moreover, the microcavity
improves the spectral purity of the emission and, by adjusting
its size, the wavelength can be easily tuned.

Our results are supported by a model that describes the
Purcell enhancement including both spontaneous and stimu-
lated emission mechanisms and indicate that the threshold for
achieving laser action in these light sources is totally limited
by radiative losses.

Given the thorough optimization conducted on the meta-
material geometry, further reduction of losses within the
current configuration appears unlikely. However, our prelim-
inary investigations have unveiled a promising alternative
strategy: exploiting higher-order cavity modes beyond the
fundamental one. Electromagnetic simulations have demon-
strated that an adequate mode engineering can yield cavity
modes with higher quality factors. These higher-Q modes
inherently exhibit reduced losses and, consequently, lower
laser thresholds. This approach can potentially overcome the
limitations imposed by the fundamental mode losses without
necessitating fundamental changes to the existing metamate-
rial structure and maintaining the benefits of our optimized
metamaterial design.
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APPENDIX
1. Metamaterial geometry optimization for loss minimization

A systematic study of the patch-antenna array with differ-
ent geometrical parameters has been conducted to identify the
optimal configuration to minimize the losses of the system,
following the approach used for detectors [12]. The first step
of metasurface design for emission focuses on 3D finite el-
ement method simulations of bulk InGaAs cavities arranged
in an infinite-size array. The patch-array resonator parameters

have been varied with the thickness of the patch, H, spanning
from 0.5 to 1.5 um and the array period, p, from 5.5 to 8 um,
in order to verify the impact of these geometric parameters on
the losses. These ranges of values have been chosen to ensure
that the system is in a monomodal nondiffractive regime.
Reflectivity simulations have been performed, as the HWHM
of reflectivity spectra corresponds to the total losses in the
system: ',y = yg + ¥nr. Figure 6 presents the variation of the
losses as a function of the geometrical parameters p and H.

Overall, sparser arrays (larger periods) and shorter cavities
lead to lower losses. Coupled mode theory equations can
be used to distinctly evaluate the radiative and nonradiative
losses to investigate the weight of each contribution. With
larger H, nonradiative losses decrease thanks to the smaller
overlap of the cavity mode with the metal, whereas they
remain rather constant at different periods. Radiative losses
increase linearly with H, according to the area of the aperture
antenna s x H, due to the greater coupling with the free space.
On the other hand, they decay with the square of the array
period, p?. This behavior can be ascribed to a “photonic”
superradiance phenomenon [30,31], where the resonators are
coupled via their interaction with the electromagnetic field
and display a collective behavior.
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2. Existence of a threshold

We model the emission of quantum cascade laser in single
mode cavity by using adapted rate equations that include the
Purcell factor on all radiative transitions, associated with both
spontaneous and stimulated emission:

dny J 1 n3 ( n3 An)

—_—=—-——-——F
dt qu 3 i

dn n n n An
—2=—3——2+Fp<—3+—>,
dt 32 (%) T,

sp Tt
ds ns An
— = ST+ Fp| — + — (A1)
dt Tsp Tst

Here, n; is electronic volume density of the ith subband;
J is the injected current density; ¢ is the elementary charge;
L, is the length of a period of the cascade; 7; is the non-
radiative lifetime of an electron on the subband i; 7 is the
stimulated emission time; An = n3 —n, is the population
inversion; 1/t3, is the nonradiative rate associated with the
transition from subband 3 to subband 2; S is the photonic vol-
ume density; and ' denotes the total losses, or equivalently
the inverse of the lifetime of photons in cavity, given by the

sum of the radiative, yg, and nonradiative, ynr, contributions,
respectively, associated with photon escape and photon ab-
sorption.

These rate equations have been established considering
that the spontaneous emission couples to the only optical
mode of the cavity; therefore, the coupling factor is equal to 1.
Indeed, this is a good approximation, as in our device the total
losses are mainly radiative, meaning that only a small fraction
of the generated photons is lost in the metal by Joule losses.

In the main text, we have presented the solution of these
rate equations at steady state, in the limit where the spon-
taneous emission is of the same order as the stimulated
emission.

Here, we address the emergence of the laser threshold and
the device characteristics above threshold. For this, let us
consider the laser regime in which - >> % In this case, from

the equation of the photon density at steady state, we obtain
the condition for gain clamping:

ny—n; = ——

The density of photons emitted above threshold at current
density J, in the approximation where 7, < 13,0, is given
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In the approximation tj ~ 13, J, is exactly the threshold
current density of a quantum cascade laser without microcav-

ity divided by the Purcell factor. Note that this is an excellent
approximation for our device, as the relaxation time, 73, is on
the order of 1 ps, while the spontaneous emission time Ty, is
~100 ns and Fp = 7.

Figures 7(a) and 7(b) show the optical power calculated
from the photon density below (red curve) and above (blue
curve) threshold.

Figure 7(c) provides the slope efficiency, defined as the ra-
tio between the emitted power and the injected current density,
in the two regimes, above and below threshold, in linear and
semilog scale (inset). Above threshold, the slope efficiency is
constant, as it is expected in laser action.
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